Abstract Increasing demands in endovascular intervention have motivated technical skill training and competency-based measures of performance. However, there are no well-established online metrics for technical skill assessment; few studies have explored operator behavioral patterns from catheter motion and operator hand motions. This paper proposes a platform for active online training and objective assessment of endovascular skills, through learning optimum catheter motions from multiple demonstrations. An ungrounded hand-held haptic device for providing intuitive haptic guidance to novice users based on this learnt information is also proposed. Statistical models are implemented to extract the underlying catheter motion patterns, and utilize them for performance evaluation and haptic guidance. The results show significant improvements in endovascular navigation for inexperienced operators. Finer catheter motions were achieved with the provided haptic guidance. The results suggest that the proposed platform can be integrated into current clinical training setups, and motivate the improvement of endovascular training platforms with better realism.
I. INTRODUCTION
Endovascular intervention has been embraced clinically as a promising treatment for cardiovascular disease. It involves navigating a catheter and a guidewire from the femoral or radial artery of the patient to the diseased vasculature. Successful clinical outcomes highly depend on the dexterous and experience-related skill of the clinicians, and numerous studies have highlighted the steep learning curves associated with endovascular catheter navigation [1] . However, uniformly accepted and objective measures of skill training and performance are still not well reported [2] . Furthermore, there is a growing interest in simulator-based endovascular training platforms. These systems offer advantages such as improved realism, patient specific simulation, and objective measurements of performance [2] . Nonetheless, these simulators do not utilize expert experience and online feedback in the progress of training, and hence are not able to detect and correct novice behavior in real-time. Furthermore, technologies such as machine learning and intuitive haptic guidance are currently not available in these systems. Automated and quantitative metrics to evaluate skill and provide intuitive online guidance could lead to the opportunity of actively teaching the trainee based on expert experience and shortening the learning curve for special procedures.
At present, the training of endovascular skills has relied on techniques such as synthetic models, animals, cadavers and virtual reality (VR) simulators, with VR simulators enjoying a growing interest in recent years [2] , [3] . VR simulators are capable of providing both qualitative and quantitative measurements of endovascular performance such as procedural length, contrast volume and fluoroscopy time [4] . However, these metrics are incompetent substitutes of endovascular skills. [5] . More recently, limited studies on operator tool interactions, tool tissue interaction, and catheter kinematics have been conducted, with the goal of providing more objective measures for endovascular skill training and assessment. These have focused on tip motion kinematics [7] , [6] , proximal catheter motion [7] [8] [9] , [11] , proximal haptic cues [12] , [13] , and distal forces exerted on the vasculature [10] . However, there is still a lack of quantitative and objective skill assessment and training measures, and no well-established, online training metrics exist as yet.
In the field of laparoscopic and robotic minimally invasive surgery, evaluation of surgical skills is based on morbidity and mortality rates or grading techniques such as OSATS (Objective Structured Assessment of Technical Skills) [14] . These methods can suffer from lack of objectivity, over-simplification and loss of subject-specific characteristics. As a result, recent research has focused on modeling underlying skill characteristics and motion patterns using different machine learning techniques and in particular statistical models [14] , [15] . This includes the use of Hidden Markov Models (HMMs) in Minimally Invasive Surgery (MIS) towards high level surgical workflow analysis [16] , modelling of surgical tasks and subtasks [17] , and surgical activity recognition and skill assessment using various information including tool motions, velocities and force data [17] [18] [19] [20] . Such metrics have been used in the field of endovascular intervention for automated skill assessment [21] , however the application towards modelling expert catheter motion patterns for in situ training and haptic guidance has not been explored as yet. Other statistical methods for detecting surgical skills and gestures from video and kinematics data include string motif-based models [22] and linear dynamical systems [23] .
Another aspect of surgical training that has received significant attention in recent years is that of haptic feedback. Compared to visual feedback, haptic assistance is more effective in force sensitive skill training, especially in the environment where the operator is already taking heavy cognitive visual loads [24] , [25] intervention, various haptic feedback devices have beenemployed including tele-operated systems, such as the Sensei X® system (Hansen Medical, CA USA). In an attempt to improve user ergonomics, haptic feedback systems that exploit the push, pull and twist motions of conventional catheterization have also been investigated [26] , [27] . Alternatively, tactile devices are cost-effective and non-invasive options in surgical training, which typically use vibrotactile actuators for alerting the user or providing directional effects. They have been implemented in the training of ultrasound scanning [28] , wheelchair navigation [29] , real-time assistance for needle insertion [30] and hand-held smart surgical devices [31] , [32] . Endovascular haptic feedback systems have traditionally focused on providing feedback based on catheter tip force information, however the use of tactile feedback to aid guidance during catheter manipulation has not yet been explored. This paper proposes an active training platform that can inform inexperienced operators as to the correct catheterization maneuvers via tactile feedback, while using the learned motion patterns as an online metric for improved and objective evaluation of surgical skill. A haptic interface was designed that can be affixed to existing catheters, requires no grounding frame, and provides intuitive guidance to the operator. Continuous HMMs were implemented to capture the essential motion patterns of catheter tip motions from expert demonstrations, for performing online evaluation of the catheterization skills and providing haptic feedback. User studies showed significant improvements in the performance of catheterization tasks while reducing risks associated with interactions of the catheter with the arterial wall, including dissection, thrombosis and perforation [33] . This platform is devised to allow training of endovascular catheterization, as well as provision of haptic feedback for improved catheter navigation, by using the learned models to assess performance of operators in real-time.
II. MOTION MODELLING, HAPTIC DEVICE DESIGN AND NAVIGATION FRAMEWORK
This section includes the methodologies for catheter motion modelling, the design of the endovascular haptic device, and the proposed catheterization training and assessment platform.
A. Catheter Motion Modelling
In this paper, statistical modelling is used to extract the underlying motion patterns of catheter tip trajectories. A platform was designed firstly to collect tip motion data from multiple demonstrations of an expert operator (having performed over 300 endovascular procedures).
Platform and Experimental Setup:
The task was set as cannulation of the innominate artery of a silicone-based, transparent, anthropomorphic phantom of a type I aortic arch (Elastrat Sarl, Switzerland) ( Fig. 1 (a) ). Tip motion data were learned from n = 6 demonstrations of an expert operator. The tip positions were obtained from a six-DoF electromagnetic (EM) position sensor (Aurora, NDI), which was attached to the catheter tip. The collected trajectories were then segmented into three phases, based on the procedure path: 1) traversing the descending aorta, 2) travel through the aortic arch and 3) the cannulation of the innominate artery. (Fig. 1  (b) ) Catheter Motion Modelling: In this proposed platform, continuous HMMs were used to model the time-series motion data at each phase. A HMM with a Gaussian probability density function is defined as: (1) where is the initial state distribution, A is the state transition probability distribution, and and are the mean and covariance matrix of the Gaussian distribution.
The HMMs were trained from the tip motion observations (O) using the Baum-Welch algorithm (based on expectation maximization) [35] in Matlab. The models were trained with 100 iterations, and a convergence threshold of .The optimal number of states for each of the three models were chosen based on empirical testing, with values ranging from 2 to 10.
The accuracy of these three models was then tested by performing a leave-one-out cross validation. This was done by HMMs for each phase. The forward-algorithm is used to compute the log-likelihood values from the sample sequence and the HMMs. (2) where O is the test sequence and is the trained model for validation. 
B. Endovascular Haptic Device
A hand-held haptic device was developed to provide haptic cues that indicate the push-pull and bidirectional twisting motions that characterize manual catheterization. The haptic cues are based on a tactile flow illusion previously reported in [34] . The mechanism of the haptic effects is illustrated in Fig.  3 . Three vibration actuators (model BI00149, Pinzhi®, China) are placed along the axis of the hand-held haptic device. When the vibration actuators are actuated sequentially with overlapped actuation periods, the user can perceive a vibrational flow effect that can be bidirectional. The twist motion sensation was simulated from two standard mini DC motors (model . During the transient acceleration period of the DC motors, a reaction torque is transmitted to the motor casing. The user can perceive the generated torque and determine the rotational direction of the torque stimuli. The device is cylindrical and various catheters can be co-axially inserted through its bore. A collet-based mechanism and screw thread allow the catheter to be clamped or released. The device is 25mm in diameter and 100mm in length. The vibration patterns were implemented using Matlab and controlled by a microcontroller (Arduino UNO, Arduino, Italy). The motors are powered by an external DC motor controller (Arduino Motor Shield R3, Arduino, Italy) that is directly coupled with the microcontroller. Fig. 2 shows the CAD rendering of the proposed haptic device, and the experimental setup where it is used. A user study was performed to validate the haptic device and the effectiveness of the haptic effects as perceived by an operator. 15 users participated in this study (age range = 18-32, average age = 23), who had not participated in a user study related to haptics before. Firstly, a 5 minute learning phase was introduced to each user, and verbal descriptions were given for each haptic stimuli and its corresponding hand motion. After that, each user participated in 12 runs in which different haptic directional stimuli were provided in a randomized order. For each run, there were three sequences of the signal per haptic directional effect.
C. Navigation Framework for Training and Guidance
In this proposed endovascular platform, a standard, silicone-based, transparent, anthropomorphic phantom of a type I aortic arch (Elastrat Sarl, Switzerland) was used to validate the framework. The 3D model of the phantom was extracted from CT scans of the phantom and the registration between the CT model and the EM tracking system was achieved using CT makers attached to the phantom box. A six DoF EM position sensor (Aurora, NDI) attached to the catheter is used to record the real-time tip positions. A graphical user interface is designed to display the catheter tip position in the 3D vascular model. In order to simulate fluoroscopic guidance, a webcam was mounted above the phantom with the 2D image projected onto the graphical user interface. The layout of the graphical user interface is shown in Fig. 4 . Fig. 3 . The mechanism and signal sequence of translational haptic effects based on the concept reported in [34] . (top) The mechanism and signal sequence of rotational effects. (bottom)
Online Recognition and Haptic Guided Training:
The trained HMMs from expert demonstrations were used to monitor the tip motion patterns from inexperienced operators in real-time, and provide feedback to the operator for correcting the motion using the haptic device. The haptic guidance is achieved using a windowing approach, through which short segments of online tip motion were sampled (n = 5 data points) in order to compute the log-likelihood values against the offline trained models. The window size was selected based on the most primitive catheter tip movements observed in expert demonstrations. The obtained log-likelihood is then compared with a pre-defined limit . This limit is based on the experienced demonstrations. where corresponds to the sampled segments of tip trajectories. If the obtained log-likelihood is smaller than the limit , the motion will be classified as poor quality, and hence trigger the haptic guidance immediately. Feedback for the correct proximal motion is provided to the operators by the haptic device, depending on the procedural phase. Two boundary planes were created inside the CT model at the end of phase one and phase two, they were used for transition between procedural phases. The online recognition would stop when the tip pass through the boundary plane. Skill evaluation was then performed on the tip data from the previous phase. Multiple boundary planes were created in procedural phase three where different haptic stimuli were provided in the corresponding sections.
Evaluation of Skill: In order to assess the performance of the operators based on the online tip motions, the forward-algorithm is used to compute the log-likelihood values that represent the similarity between the observed motions against each of the trained HMMs [35] . The trained HMMs can be represented as , where correspond to each of the HMM models for the three segmented phases. Hence for a new observation sequence (4) The log-likelihood values were then used as a similarity metric to evaluate the skills of the operators.
User Studies and Protocol: A user study was conducted to evaluate the performance of the proposed platform. The experimental setup for this user study is shown in Fig 2(a) . Sixteen inexperienced users (consisting of 10 males and 6 females) entered the study (age range = 18-32 and 19-27, average age = 25 and 22 respectively). None of the subjects had any known experience related to catheterization before. The task in the study was to cannulate the innominate artery. Before the study, a brief introduction on the use of the haptic device was given to all users. Eight participants (group 1) did the procedure manually without the haptic device, but guided by text instructions in the graphical user interface. The text instructions consisted of proximal motion suggestions based on the data from the experienced operator. The other eight users (group 2) performed the task with the proposed training and assessment platform, using the haptic device to complete the task. All tip motion trajectories were recorded. All users were asked to look at the graphical user interface (Fig. 4) to complete the procedure. Hence only 2D projection images and 3D catheter tip position were made available to the users.
The metrics measured were: mean/maximum tip speed and acceleration, smoothness of motion (corresponding to the change in slope of the tip displacement), and total catheter path length (corresponding to the back and forth movements). All metrics over all phases were assessed using a Wilcoxon rank-sum significance test (a value of P<0.05 was considered statistically significant).
III. EXPERIMENTAL RESULTS AND DISCUSSION
This section includes the results of the catheter motion models and the validations, the effectiveness of the proposed endovascular haptic device, and the user study results for the proposed catheterization training and assessment platform. The colored ellipsoids in Fig. 5 , represent the states for each of the HMMs. Based on the leave-one-out cross validation, all observed sequences for each of the three phases were classified accurately against their respective trained HMMs. The minimum logdata were computed and used for assessing and quantifying the skills for the proposed training platform.
B. Endovascular Haptic Device
The results of validating the proposed haptic device are presented in Table I , showing the percentages for correct recognition of the directional stimuli by the users. The results in Table I show that subjects can correctly perceive the directional stimulus the majority of the time, and suggest the suitability of the device as a guidance tool.
C. Navigation Framework for Training and Assessment
The results of validating the proposed training platform are presented. The catheter motion is compared between the manual catheterization group and the training platform group. The effectiveness of using log-likelihood values for assessing the catheterization skill is also discussed. Fig. 6 shows an example of catheter tip motion inside the vascular model (left) and the tip displacement against time (right), for a manual catheterization compared to catheterization with the training platform. Comparing Fig 6. (a) with Fig 6. (b) , it is evident that the tip motion is shorter and smoother with the proposed training platform. There is much less perturbation in the tip displacements which suggests less backward and forward motions, hence causing less impact on the vasculature. . Median values for statistically significant differences (p<0.05), between log-likelihood values from expert data, novice data from manual catheterization and novice data with the haptic guidance, to the expert HMM skill models, at each phase of the procedure. Fig. 7 presents the log-likelihood values from the trajectories with and without the training at all three phases. The log-likelihood values are significantly higher for the data with the training platform, which suggests the motion is Fig. 7 also shows the mean log-likelihood values from two experience levels and the error bars represent standard deviations. The expert group has significantly larger log-likelihood values than that of the novice group. This shows that log-likelihood values can effectively discriminate between a novice and expert. Table II shows a significant reduction in the catheter path length and improvement in motion smoothness of the entire path, for the cannulation task between the two novice groups with and without the training platform. The reduction of the catheter path suggests reduced backward and forward motions as well as reduced cannulation to wrong arteries. It also adds more evidence that the operator was performing the task smoothly and continuously with the training system. It is expected that the complex tip motion observed in the cannulation of the innominate artery is because this phase was more technically demanding due to the bifurcation. Table  III shows the metrics in the tip motion for phase three, for the two novice groups with and without the training platform. There are significantly decreases in mean and maximum speed, as well as mean and maximum acceleration, for the novice group using the training platform. The smoothness of the motion is also improved. These suggest more controlled movements in the cannulation. Smoother catheter motions could potentially lead to less vessel wall contact and therefore reduced risk of perforation, embolization and stroke.
Finally, it is worth noting some of the limitations of the study. Firstly, the novice participants had no prior clinical experience. Secondly, the training model is only based on a single expert. Thirdly, this study does not identify to what extent participants develop better intrinsic catheter manipulation skills.
IV. CONCLUSION AND FUTURE WORK
This paper proposes a platform for active training and objective assessment of endovascular skill, using learning-based models of catheter tip motion obtained from expert demonstrations. This framework was integrated with an ungrounded hand-held haptic device in order to provide tactile guidance based on the learned models. The performed user studies show significant improvements in endovascular skill of novice operators when using the training platform, compared to manual catheterization. The catheter motions were much smoother and the path length was shorter using the training framework, suggesting fewer abrupt motions and more effective endovascular navigation. Moreover, the log-likelihood values obtained by comparing performance against expert skill models can be used as an online metric for objective assessments and skill training. Larger datasets are recommended to provide more granular differentiation between different experience levels. The haptic device is shown to be able to provide proximal motion illusions that are successfully recognized by novice operators. Future improvements of the platform include incorporating distal force sensing and providing force feedback with the proposed haptic interface, incorporating anatomical information from the CT models, and performing dynamic flow simulation in the vascular phantom. The learning of catheter tip motion patterns also provides insights into catheter-tissue interactions and the correlation of these with hand motion patterns. The methods proposed in this paper could be further implemented within higher-level tasks that warrant navigation of more tortuous anatomy within a generalized framework.
